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The  experiments!  oons ide rat ions  necessary  to  effect 
successful  recording  of  in  situ  vibrational  spectroscopy  at  the 
elect rode -solution  interface  are  described.  In  this  work*  the 
Fourier  transform  infrared  spectrometer  is  used. 
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Although  the  as*  of  in(r«r*d  spectroscopy  as  an  in  situ 
probe  foe  obMtvis)  interfacial  phenomena  during  electrochemical 
experiments  has  been  attempted  many  tines  in  the  last  20  years, 

U  has  only  baan  in  tha  last  thraa  years  that  high  quality 
reproducible  spectra  have  baan  routinely  obtained*  This  has  bean 
because  of  (a)  the  successful  coupling  of  electrode  modulation 
techniques  to  the  optical  signal  (1)«  (b)  tha  exploitation  of  the 
Multiplex  advantage  and  high  throughput  of  Fourier  transform 
spectrometers  (21 »  snd  (c)  the  use  of  sore  sophisticated 
techniques  such  as  polarisation  Modulation  ())•  As  a  result, 
investigations  such  an  the  study  of  adsorbed  hydrogen  on  platinun 
and  rbodiuM  (4,5),  the  structure  of  interMediates  in 
electrocatalytic  oxidations  (t I ,  the  study  of  organic  ion  radical 
intermediates  HI*  the  adsorption  of  acrylonitrile  It),  the 
pletinuM  interface  is  organic  electrolytes  (2,5).  and  the 
structure  of  eater  at  various  electrode  surfaces  (1,19)  have  baan 


It  is  the  purpose  of  this  paper  to  dtfioe  the  experimental 
techniques  sod  apparatus  required  to  obtain  such  results  by  using 
Fourier  transfers  infrared  Methods,  Although  tine  resolved 
spectroscopy  is  possible  using  the  techniques  described  herein, 
us  will  Unit  esr  discussion  to  near  steady-state  measurements. 
Thee  the  basic  approach  is  to  apply  e  potential  step  to  an 
electrode,  as it  fsr  Steady  state  conditions  to  develop,  end  take 
one  or  more  tepid  infrared  spectra.  The  potential  is  then 
returned  to  a  bees  potential,  end  the  procedure  repeated.  The 
entire  cycle  is  repeated  sod  the  spectre  ere  signal  averaged  to 
the  desired  signal -to-noise  level.  Appropriate  ratio  lug  of  the  2 


sets  of  spectra  with  subsequent  subtraction  gives  the  desired 
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The  instrument  used  in  our  recent  work  has  been  the  Nicolet 

7199  Fourier  transform  Infrared  spectrometer.  To  perform  these 

experiments,  the  Machine  should  have  the  following  features! 

(1)  The  ability  to  store,  end  signal  average  subsequent  spectra, 
in  at  least  three  separate  data  files.  The  software  should 
be  flexible  enough  to  specify  which  file  is  to  be  used  for  a 
given  spectrum. 

(2)  An  output  trigger  pulse  (preferably  TTt  or  CMOS  compatible) 
designating  the  beginning  of  date  collect  ion  by  the  A/D 
converter  of  the  instrument  on  each  seen. 

(1)  Spectral  ratioing  and  subtraction  capability* 

(4)  Capability  to  handle  mid- Ik  fast  ds  tec  tors  with  minimum  D* 
values  of  1  *  10l®,  such  as  mercury-cadmlum-tel lurid*  77  K 
solid  state  units. 

(5)  Sample  coapartment  sixes  large  enough  to  hold  comparatively 
large  cells  mounted  on  adjustable  reflection  attachment 
optical  tables. 

(5)  Reasonably  fast  data  collection  tines. 

(7)  Resolution  of  «  cm*1  or  bettor. 


The  aoat  convenient  form  in  which  go  present  spectre  is  as  a 
difference  in  infrared  transmission  of  the  ceil  at  each  of  the 
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two  electrode  polarisation  states.  Thia  difference  will  than  Le 
due  to  changes  in  tha  interphaae  brought  about  by  the  differences 
in  potential*  tha  optical  propart iaa  of  the  rest  of  tha  call 
remaining  constant.  In  tarns  of  tha  aeasured  reflectivities  at 
tha  two  potentials,  and  d2*  this  diffarenca  in  tranaaission 
can  be  written  an  ft2/»j-l,  a  quantity  which  is  readily  obtained 
using  software  normally  provided  with  commercial  VT1R 
spectrometers.  In  practice,  it  is  most  convenient  to  calculate 
Ij/lj-l  as  ft}/*!  -  fti/«i-  This  latter  quantity  is  simply  tha 
difference  between  two  single  beam  spectra,  each  of  which  has 


made  to  butt  a  rubber  gasket  against  the  fised  sleeve  by  a  nut  at 
the  end  of  the  assembly  to  seal  it*inYo^tfe»  cell  barrel.  The 


brass  rod  was  covered  with  a  thin  layer  of  epoxy  before  sealing 


it  into  the  Kal-F  sleeve  to  prevent  any  chance  of  leakage  of 


solution  between  the  electrode  and  the  sleeve.  Electrodes 


prepared  in  this  manner  are  very  stable  mechanically  and 
chemically  in  most  solvents  and  electrolytes  for  several 
months.  For  instance,  we  have  used  1  N_ sulfuric  acid,  1  £ 
perchloric  acid,  acetonitrile,  methylene  chloride. 


been  ratioed  to  the  chosen  reference  state  ft. .  Presentation  of 


the  spectra  in  this  form  is  thus  equivalent  to  the  alt/ft 
presentation  used  in  DUftft  Uft/S  is  equivalent  to  ift-^-ftj  )/ftj  I . 


Instrumentation 


The  potential  was  controlled  at  the  working  mirror  electrode 
by  n  fti-Tek  I  net  rumen  tn  DT21S1  potent  ion  tat  driven  by  a  PF«1 
waveform  generator.  The  nicolet  computer  supplied  a  TTL  pulse  to 


a  MC  connector  on  the  rear  penal  aa  each  new  scan  waa 


inltiatad.  This  peine  wee  eeed  to  trigger  the  waveform  generator 


via  a  74190  TTL  ep'down 


star.  (Oee  dim 


Electrodes  and  Ceil 


electrodes  (Chemical  electronics  Associates,  HJ  tooth 


Comity  hoed,  P.0,  bos  3120,  Palm  beach,  Fla.)  were  constructed 


from  a  2  am  thick  »  7  am  diamvtsr  disk  of  the  desired  materiel 


rod  which  had  been 


beat/prese  fitted  into  a  Kel-F  sleeve  (o.o.  •  9  aa).  A  loose 
fitting  Kel-F  aleeve  at  the  rear  of  tha  electrode  assembly  was 


dimethylformsmide,  d  ims  thy  lacs  tamlds,  and  dich  loros  thane  for 
extended  periods  without  degradation  of  electrode  performance. 

Electrodes  are  typically  poll shad  by  mounting  in  a  sturdy 
aluminum  )lg  to  maintain  perpendicular  contact  with  the  polishing 
pad,  or  on  a  enema tcial  polishing  machine,  tilth  reasonable  cere, 
electrodes  flatter  than  1/2  at  5  microns  ware  obtainable  using 
these  rather  simple  techniques. 

Even  though  the  electrooes  ere  reasonably  flat#  It  is 
necessary  to  take  additional  care  to  assure  that  the  face  is 
parallel  to  the  optical  winoow,  so  that  a  uniform  solution  layer 
thickness  will  exist  there.  This  is  accomplished  by  allowing  tha 
optical  window  to  be  bonded  to  its  ground  glass  sleeve  with  loth 
sleeve  and  elect rods  In  place  in  the  cell  end  with  the  window 
resting  on  the  face  of  the  mounted  electrode,  pressure  being 
maintained  against  tha  window  simultaneously  to  keep  it 
absolutely  fist  against  the  electrode  face  (Figure  (11).  The 
electrode,  window  cap,  and  cell  body  w«jem*pcrlbed  to  maintain 
reproducible  realignment  in  subsequent  experiments.  When  the 
window  was  prepared  in  this  manner,  typical  fluctuations  in  gap 
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sis*  of  SO. US  Bicron*  war*  obtained  in  ne*«uc«B*nt*  Cron  aid*  to 
aid*  across  th*  electrod*  faoa  using  tb*  Integrated  extinction 
oo*f f ici*nt  of  th*  *c«tonitril*  CiN  stretch  fuodanental 
absorption  band  mm  a  asasur*  of  th*  gap  thickness. 

Tb*  cell  (Chemical  Electronics  Associates,  Inc. >  was  similar 
to  that  described  by  bewick  et  al  for  us*  in  electrochemical ly 
modulated  infrared  reflectanc*  spectroscopy  I EM Mb)  (11).  It  was 
125  eu  in  overall  length  without  th*  electrod*  mounted,  and  held 
50  cm3  of  solution.  Th?  optical  window  was  mounted  on  a  T  24 
female  ground  glass  joint,  when  in  place,  the  working  electrode 
disk  may  be  pushed  up  flush  to  th*  window.  A  Luggin  reference 
capillary  was  mountad  with  ite  tip  close  to  the  window  where  the 
electrod*  face  rests.  The  Lungin  i*  connected  through  a  ground 
glass  stopcock  to  the  reference  electrode  compartment.  A 
platinum  wire  loop  warn  mounted  such  that  the  loop  was  coaxial 
with  th*  mounted  working  electrod*  to  serve  as  th*  secondary 
electrode,  purge  gas  inlet  and  outlet  connections  were  mads  at 
the  bottom  and  top  of  the  main  call  body,  and  the  working 
electrode  nourtlng  tube  was  located  at  the  rear. 

A  small  pistinun  wire  bo  be  used  am  a  subsidiary  reference 
electrod*  may  be  mounted  through  the  Loggia  tub*  just  below  the 
stopcock  to  provide  s  low  impedance  path  and  reduce  high 
frequency  interference.  (Mien  used,  it  was  connected  through  s 
0.1  *P  capacitor  to  the  normal  reference  electrode. 


The  converging  bean  of  radiation  through  the  sample 
hsrtment  of  the  spoctroneter  Wat  be  Interrupted  end  mod*  to 


reflect  from  the  electrode  surface  et  a  da:  rad  angls. 
Subsequently,  the  beam  must  ba  returned'  to  its  original  path  a* 
closely  mm  possible  eo  as  not  to  affect  th*  purpose  of  the 
focussing  optics  of  the  output  detector  section  of  th* 
spectrometer.  Several  designs  for  an  apparatus  to  perform  this 
function  ere  possible.  We  have  used  a  modified  version  of  sn 
apparatus  described  by  derrick  (12). 

polarisation  of  tb*  radiation  was  affected  by  mounting  a  »t 
substrate  transmission  polsrlser  (Cambridge  Physical  sciences, 
Cambridge,  England,  Type  1GF228)  in  the  beam  either  in  front  of 
or  behind  the  cell.  The  pole  riser  was  mounted  In  a  calibrated 
housing  that  could  be  rotated  eo  that  any  polarisation  angle 
could  be  conveniently  choaen. 

Solvent*  and  Chemical* 

Dun  to  th*  extremely  high  aensitivity  of  the  method,  it  is 
neceeaary  to  use  very  pur*  aolvents  and  elmetrolytem  fee  routine 
investigation*.  We  have  found  that  th*  use  of  dPLC  grad* 
commercial  solvent*  are  suitable  for  moat  organic  Intermediate 
studies  (7),  while  fur the?  purification  of  these  solvents  is 
usually  required  for  sensitive  adsorption  or  double  layer  studies 


The  drying  of  supporting  electrolytes*  such  am  lithium 
perchlorate  or  tetrae Iky  1  ammonium  salts  should  bs  effected  with  a 
vacuum  oven  for  at  laaat  24  boars  st  the  mnsimum  possible 
temperatures.  Transfers  of  slectrolytes  sad  solutions  to  the 
cell  should  be  made  in  s  dry  atnoeober*.  ' 


IgaUUM  Mg)  MtCUMIOM 

As  an  example  of  a  typical  experiment,  It  mi  desired  to 
record  the  spactrua  of  tlM  beaxopbenone  katyl  species  lorart  by 
tha  ona  alactron  reduction  of  bawmophaaons  at  a  platinum 
electrode.  A  10  aM  eolation  of  bent^phsnona  in  degassed 
anhydrous  0. 10  II  tatrabmty lammoalum  tattaf luoroborate  was  used, 
tha  alactroda  was  pieced  flaah  aqalMt  tha  call  window,  and 
allowad  to  relax  against  tha  rubber  «Mkat  on  tha  alactroda 
assembly.  Uainq  tha  2230  c*“l  acatoaitr i la  band,  tha  aolation 
thickness  waa  fownd  to  bo  aboat  S  microns,  aa  determined  by  tha 
ralatioa 


d  is  tha  aolation  thickness,  1  i«  'aorianca,  a  is  tha 

ait lac ties  coefficient,  c  U  tha  concaatratloa  of  tha  absorbing 
■pec tea,  and  •  In  tha  any  la  of  incidanoa  at  tha  raf  looting 
surface.  tha  polarlser  waa  oat  to  pees  tha  oompoaent  of  light 
that  had  its  alactrlc  I laid  vector  parallel  to  tha  incldaaca 
pleas,  ao  that  tha  (laid  wow  Id  haaa  a  noa-saro  nagnituda  at  tha 
alactroda  sarfaca. 

tha  *bagln  scan*  tTL  polao  available  Cron  tha  computer  of 
tha  VTlh  apactrooatar  waa  aaad  aa  Input  to  a  74 ltd  binary  up 
coaatar  whoaa  binary  output  had  initially  boon  prasat  to  binary 
output  1%  (1111 1.  Tha  Mb  output  of  tha  coaatar  waa  conoactod  to 
tha  •start*  tTL  input  of  tha  rrftl  wnvufoco  ganarator  so  that  tha 


Uttar  aaacwtad  oaa  waveform  sequence  on  aanry  0  ♦  1  transition 
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I 


I 

I 

I 
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trow  tha  counter,  i.a.  ovary  la  scans  of  tha  apactrooatar.  tha 
waveform  ganarator  was  sat  to  give  a  rectangular  pulse  f  9  a 
duration  (about  1  second  longer  than  tha  spectrometer  requires  to 
scan  V  spectra)  such  that  tha  alactroda  potential  was  taken  to 
•2.M  V  <Ag/hg+  raf trance)  for  I  s  than  returned  to  tha  base 
value  of  -1.70  V  until  the  apactrooatar  initiated  tha  17th  scan 
and  tha  oowplete  sequence  was  rape tad. 

A  software  prog ran  was  written  to  perform  eight  scans,  of 
which  only  tha  last  four  wars  co- added  ana  saved  In  a  reference 
file.  This  or  tret ion  allowed  about  four  secoads  (tha  first  four 
unused  scans  I  for  tha  call  to  coma  to  a  steady  state,  tha 
program  than  called  for  eight  more  scans  to  be  mads,  again 
discarding  tha  first  four,  hut  this  time  atorlng  tha  oo-added 
last  four  In  a  rasp la  file.  This  operation  was  repeated  to  times 
so  that  s  total  of  forty  oo-added  spectra  resulted  in  the 
reference  file  and  tha  earns  in  the  sample  file.  This  program  was 
interfaced  synchronously  to  tha  waveform  ganarator  through  the 
* bag in  scan*  pulse  and  tha  7419b  counter  circuitry.  Thus  tha 
spectra  ware  gathered  at  the  approximate  points  indicated  in 
Figure  (21,  An  example  of  tha  spectrum  computed  from  this  data 
in  tha  ms near  described  in  tha  experimental  section  is  shown  in 
Figure  (31. 

basically,  the  peaks  attending  upwards  correspond  to  the 
removal  of  bans opha none  substrate,  at  the  espeaoe  of  tha 
formation  of  katyl  (downward  extending  peats).  A  full 
description  of  this  spectrum  has  been  rspopbod  (71. 

tbs  spectre  in  Figures  (41  and  (S)  ware  obtained  in  a 
similar  manner.  Details  are  provided  in  the  figure  legends. 
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Higher  sensitivity  was  iwcd«d  to  observe  change*  in  the  j 

population  of  apaciaa  as  the  double  layer  structure  wee  changed  I 

» 

at  a  platinua  electrode.  A  thinner  eolation  layer  <0.75  ni crons)  j 

end  100  averaged  spectra  et  each  potential  state  was  utilised.  j 

The  electrolyte  was  0.10  JN  tetrabutylanmonlun 

tetrafluoroborate.  The  resulting  difference  spectra  are  shown  in 
ri9ure  <4}«  The  effect  of  added  water  for  the  sane  experiment  is  j 

shown  in  rifuce  <?|.  These  spectra  have  been  interpreted 
elsewhere  <*). 

It  is  clear  froaa  the  spectra  ahown  that  the  technique  has 
the  sensitivity  to  detect  changes  approaching  i»“‘  Aft/h  in 
e specimens  collecting  data  from  100  scans  at  each  potential,  the 
total  esperiawntal  tine  being  about  10  sin.  Thus  the  net hod 
senes  well  suited  for  the  obtaining  of  vibrational  spectra  at  the 
electrode -solution  interface  in  eitu.  and  should  he  suitable  for 
the  structural  detereinetion  of  a  variety  of  catalytic,  adsorbed, 
and  short-lived  solution-free  intermediates  forned  at  such 
interfaces* 
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(1)  Ceil  cap  and  electrode  tip  configuration. 

12)  Tlalng  for  spectra  acquisition.  Points  (d)  represent 

apectrx  that  an  discarded,  points  (a)  represent  spectra 
that  are  saved  and  oo- added.  Uiagraa  is  for  case  where  More 
absorbing  species  are  present  st  high  stapling  potential. 

U)  a)  Tranaaisaion  epee t run  of  bensophenone.  (b)  Difference 
spec  true  between  hi.  75  V  and  -2.50  V  (Iv  nft  bensophenone  in 
0*10  Jl  HAP  in  acetonitrile).  Downward  extending  peaks  are 
for  the  ketyl  anion. 

(4)  a)  Tranaaisaion  Spectrua  of  anthracene,  (b)  Difference 
•pec t run  between  -1.5o  V  end  -2.50  V. 

(5)  a)  Tranaaisaion  spectrua  of  tetracyanoethylene.  (b) 
Difference  apectrua  between  «0.2S  and  -0.25  V. 

(ft)  Difference  spectra  of  anhydrous  o.io  n  tetrabuty isaa  on iua 
tetrafluoroborate. 

(7)  Saaa  as  Figure  ft*  except  0.10  II  M^O  includeo. 
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